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Introduction 

CoJor vJiJen is in interesting and «ncrovcrsial area of research, or as 
Comsweet put It: "few jf any areas of scientific endeavor include more miscellaneous facts 
and more confused theoretical discussions than the are* of color vision* (Cornsweet p. 205). 
In this paper I will present an introduction tu this problem and and a brieF review of the 
anatomy, ph ysi olog y . and psychology of color vision, 

Color vision is Che abLtlty to discriminate between lights of different 
wavelengths in a nanne: that is independent of their intensities. Color is defined as a 
sensation, and therefore it makes sense to T4rk about the rotor of a pcrmt in an image only in 
terms nf perctirtd wiw, or the sensation we feel when presented with the same stimulus. 
One of the major difficulties jn <obr vision a (hat the perceived color of in? point Jn an 
Image is not iirnply a function of the amount of light at various wavelengths at that point. 
If this W*re true, our perception;! of color would change with Variation* in illumination. 
Instead, the colors we see Usualty correspond to the surface properties of the object* around 
us. This is obviously a useful feature from the standpoint of survival, since it might prove 
dangerous to have our visual perception change drastically every time a cloud moved m 
front of the sun. If. on the other hand, our sain contained chtorophyll and our survival 
depended on absorption of light, perhaps our visual systems would he more sensitive to 
ilium i nation than reflectances. 

We do not know how to compute perceived color for general] ted scenes. 
One reasonable approach to this problem n to examine one of ihe few devices that is 



capable gf leeornplishine this e«kr the human brain. Unfortunately, mojt of our 
information in this area cdncem* the flm dc, M n celts fcn the human visual proving system, 
Which |f normally called the 'visual pathway*. The next chapter of this paper wjlf provide 
a brief introduce to the anatomy and physiology of thiS p^r of [hff brain , fl , h( . lhln , 

chapter, I will discuss the human color procmlng system from an overall behavioral point 
Of View. 

Color vision in compuwrj does not have to be a model oF the human 
brain. Jt jj quite possible [hat the mo« efficient war Of processing Color information in a 
machine ii completely different from (h« at£nri£hroj UScd in human beings. The most 
Important requirement is that (he computer vision intern iheufcd be roughly equivalent to 
the human one in terms of behavior. The computer should "see" the same colors aj a 
human being who ii confronted with the saw stimulus, f btUrve, however, that an 
understand^ of the human visual system jsan important first step towards achieving the 
goal of a general computer vmon system. 



The Basic Physiology qJ Color Vision 



tn this chapter [ would i[\e to present a brief revtew of whit it Ifiown it 
this time about the anatomy and phyilotogy of :hc human visual system. The most detailed, 
information in thii area concerns the pxwectianj of the eye to the b-radn< which art called 
the e*ntraJ pathways, The- optic ner»ej from the two eyes enter the cranium and theri came 
together CO form the region known u the npttc cfoatm- In the higher vertebrates, the fibers, 
from the medial (nasal) half of the Vft, CrOK over Ln the chiasm to connect to the apposite 
half of the brain fcet figure 2.1). Thu means that since the tens Ln the eye invert! the 
image, the left half of the bram recejvei wnicry jnformatLon from the right half of the 
visual field (see Casuniga}, 
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Figure 2,1 Till Anita^y «f thi Yliutl Pathr*/ 
The nptic nerve fibers then form trWfl^ffc f*Mf which (in higher 



vertebrae) project* t0 VhTl0Vt irftLi pf the brajn Mca pf (hf f .^ ^^ ^ ^ ^ 
percent) connect to the fcf*ra/ gntatbit QM ;«„ ( LGN ) in (hethalimii, which sends fibers 
to the ttrtitt Mr { r 'primary visual cortex"). The major.Ey of the remaining fibers go 
to the w^T tttittut™ and the pretectal rtgtcx. There are nerve fiber* whkh run from 
the superior colliculuj to the muscles of (he eye, and it is believed that this is one of the 
area* of the brain which control eye movements. The pretectal region send* fiber* to the 
eye muscle which control the sue or the pupils. 

The available physiological evidence indicate! that color information is 
transfe™} through the LCN to the cortex. I n the next SK t.on of this chapter, I will 
describe the property of the nerve cell, or neurm. The remaining sections will deal with 
the three parti of the visual pathway: the retina, the LGN and the striate cortex. 

The Tteuron 

The nervtius system is mace up of a &pedal set of cells called nerve (ells, 
or neuron*. Although there are many different kinds of neuron^ they normally have three 
parts: a etu twiy W hich contains the nucleus, a lon^ fiber or axon attached to the cell body, 
and a 4tt of short fibers or dendrites (see Figure ?J& The neurons internet at the junction 
of the axon of one neuron and the dendrites of another neuron vhich js called a synapse. 
The axon LS normally longer than the dendrites and may be op « 3 Feet In length. At it) 
end, the axon splits into many fine branches which end in frrmtnei buttons. These branch** 
may connect to the dendrites of different neuron,, and there may be multiple synapse, with 
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a particular neuron. 

A11 cells In an uranism are made ttp of a nucleus, cytoplasm and a 
membrane which encloses (he "hole structure. The entire surf ate membrane of the neuron 
it electrically polariied; the iniide of the cell being same 70 to 90 millLvolm negative with 
reipect to the outside. This potential is called the mmbrant pnten.tfai qr rating ppttnttai of 
the cell. A decrease In the membrane potential ii tailed a dtpdartxatton and an increase is 
called a hyptTpotarfiaitm. On* of the basic properties of the neuron is its ability w 
propagate total membrane depolarizations which are called nttvt tmfulsei qr ocffpji 
pctttiitats. In an/ particular nerve fiber, the impulses have ejKntially the same magnitude 
and form and they travel with th**ame speed Thus the strength of a nervouj signal ll 
transmitted by the frequency of the nerve Impulses, and not bv their amplitudes. 

The local depolarization lasts for only aboMt one millisecond at any point 
In the nerve fiber, but propagates at a rate of | to 100 meters per second. The speed of the 



impute is related to the diameter of the a*on. [n general, large fibers conduct at higher 
Velocity* than small fibers. 5om* axons are endosed by a Sheath or m?c/m which has a 
hi&h electrical resistance. These toman propagate action potentials at higher speeds than 
bare fibers of the same diameter. The myelin *heaih has gmpj in it called nodes of Fanuttr. 
The a«Lon potential does nor propagate do*n the entire axon, but is formed only it the 
nodes This is called taltaiarj wtftuttm (from the Latin "a (tire - which means to leap). 
The axons of the retinal ganglion cells, which form the optic nerve, are myelinated And 
very small in vertebrates (about I to IS microns). This mates it very dii Ncult to record the 
electrical activity of Individual fibers In the pfimati* optic nerve. 

The tranwriission of the nerve impulse across the synaptic gap between 
neurons is in most cases chemical, not electrical. Th* endings of the axon release a 
transmitter chemical which produces changes in the postsynaptic membrane. Thjs change 
can ;axe two forms- derjolarilaticn or hyperpolariiatJon, which are Called excitatttm and 
Inhibition. The dendrites Of a particular neuron may be coated lo the axons oF many 
cither neurons, some in an excitatory and some in an inhibitory fashion. The postsynaptic 
neuron must reach a certain threshold level of depolariiailon. calfed the gtnnator pottntiat 
before it will fire a nerve impute*. The release of transmttter chemical from the ending* uf 
an axon is to some extent proportional to ihe frequency of impulse* arr.ving at the synapse 
(DeVakii* 1956) and the change in pott synaptic membrane partial is proportional to the 
amount of chemical released. The chemicals released by a single impolseate generally 
insufficient to fire the second neuron, so there muit be a summation of many dirreient 
effects at the synapse and thus some analytii of the information coming in from the 



presynaptic neurons. 

This analysis can take on several fewou, \i two neuron* synapse on a 
third neuron, and both art excitatory, the- output will roughly tie the sum of (he outputs of 
the two neurons. An unstimulated neuron is never really at rest. There is always 
spontaneous, firing, so that inhibition tan be wen as 3 decrease Jn firing nte. Thy* iF two 
neurons synapse on a third in in inhibitory faihinn, the-™ wilt be a decrease in firing rate 
proportional to the sum of the Firing rate* of the two neurons. If one axon is excitatory and 
one inhibitory, the effect may be to subtract one from the oihcr. it is also possible for an 
axon to synapse en another axqn. An inhibitory synapse on an excitatory axon is called 
pTtsjwptit tnhibtnm t and the effect may be closer to division than itibtraction (DeValois 
1966). 

This combination of excitation and inhibition is very important in 
understanding the physiology of our visual information processing, fo we shall see in later 
sections,. u has led to plautible explanations of some Seemingly complex effects, such as the 
hypcrcomplex celli in the visual rarteij which respond to certain types of lines at specific 

orientations which move in a specific direction. 

The Retina 

Light enter! the eye through (he COrnra, passes through the pupil and 
leni, and then rails on a photosensitive layer at the back of the eye, which rS called the 
atma (see figure Jj), The retina is actually a part of the brain which pushes out in the 
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development of the embryo to meet the specialiied skin tissues that will Form the eyeball arid 
lem (Blafcemare). There are five JdndlS of nerve cells in the retina: the rttspJon, btpdar, and 
Jojiffton cells whkh form the visual pathway in the mini, and the .fortiori td4 and amuttftt 
cells which provide lateral Jntereonhectianj. The receptors synapse with the horizontal and 
bipolar cells* and the asons of the bipolar celh synapse with the amacrine and ganglion cells 
(see Figure 2A\ There is also same evidence for direct receptor connealonj tn the primate 1 
retina. The^ axons of the ganglion cells form the cpttt ntrtu which makes up Sfl percent of 
all nerve fibers entering or leaving the central nervous system (Hanson and ClarkjL 

One surprising fact about the anatomy of the eye is that the firjt cell* In 
the visual pathway, the receptors, are at the very back of the retin*. Light musi pass 
through the optic nerve fibers. Wood vessels, and all the Of her ceils before reaching the tight 
receptive cell*. There are two different kinds of receptors: the r«fr which are responsible 
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for tow light vnion, ihd. the ranei which are used For bright light and color vision, In the 



primates fend many other animals) there is a special reg ion of the retina, tilled the /bam, 
which Is specially adapted fur detailed vision. The human fovea is in the outer of the 
Visual field and contains only cone receptor*. There are also no blood vessels over this area 
to interfere with the light. Although the human fovea is unly (he Site of the head of a pin, 
and is en I jf wo degree* of the visual f ietd, »lf of our high detail vision original** there. For 
example, the words you are now reading a. n being focussed on your fovea. Human fovcal 
viilon It very small in terms of the whole visual field, and is about the site of a quarter at 
an arm N i length flQ en.) away from the eye. On the nasal side nf the eye, about 5 mm {or 16 
degrees of the visual f kid) from the fovea, is an area Where there are no receptors, called 
the Mfna! spct. This is where the optic nerve fibers leave the eye. 

The receptors in the human rerina aw a truly amaiin^ feat of nature, 
They are able to discriminate brightness differences over a range of a billion to one. and 
yet, a* Heeht demonstrated in 1942, the rod cell can be activated by the absorption of only 
one photon of light (see ComswKl). It has been known for over one hundred year* (hat the 
eyes of a frog (and many other animal*) contain a pigment which Is red in dim llghl and 
that che color gradually fade*, or Atari; j when the eye was expend to light. It is now 
known that this pigment, tilled rkadapm or visual put pit, n contained m the outer 
Segments of the rod recurs The cone receptojj, as a dais, conrim three other pigments 
*hich are chemically similar to rhodopsin but differing in JOme impoitan( characterises, 
The receptors are composed of a inner jegmeni, much like an ordinary 
neuron, and a rod or cone shaped extension which \t sensitive to light. The discrimination 
between rods and cones on the basis of the shape of this segment is good in jom* animals. 



such as the frog, but inadequate in the human retina where thecoma in the center of the 
f dv« look more like rods. Therrf are, the difference! between the TWO classy of 
phctoreceptive cells ire normal^ based on rwo other criteria; that the rod* are the cells 
which contain rhodepsin, and that the rods are the cells which are active wh En the retina 
has been dark adapted for wn minutuand is then exposed to dim lighL 

A quantum oF light can be absorbed by, or In general activate, only one 
molecule or atum (VVald j%5), Th« means that the absorption of one photon by one 
rhod opsin module m a rod (which contains about 1 millLon such moletulu) is enough to 
activate the receptor cell Exactly how this happens ii unknown, but there first part of thr 
process, thi photochemical reaction* of rhodopsin are well documented. It has own 
discovered through the use of the electron microscope that the pigment- bearing section of 
the nod «ll is filled by 4 membrane which is arranged in layer* Since adjacent layer* or 
the membrane are In contact with each other, it it Etiderrt that the pigment molecules: ire 
actually imbedded in the membrane fcee Corn sweet). Rhodopsin is made up of a protein 
(an opsin) and the aldehyde of vitamin A. called retinal. Retinal has a double carbon bond 
and therefore has two geometric configurations, or Isomers. The only action or the light is 
to change the geometric conFjgurailon of the retinal molecule from the Ihtii to the all-train 
Isomer. All oihcr changes are dark reaction*, which cotr«pond to changes in the protein 
molecule, and the final product is a mixture of opsin artd freeaEl-trans retinal. The 
molecule will lose its color during this process, which of course corresponds to the bleaching 
erf the pigment Molecules In the final state spontaneously 



regenerate Iq form rhodcpsin, but this part of the- process lj. jlcw. The first part (the 
photon changing the geometry of the retinal) is virtu alky instantaneous. The rest of the 
process which leads to the- separation of the retinal and opsin are believed to cake about I 
second. The regeneration of rhodcpsdn. however, requires art average of 5 minutes 
(Corns-weet pp. 91-96). 

The geometry nf this process is very Important, [n the rhodopsin 
molecule, the retinal covers a pocket in the opsin {the protein). The cls-trans isomer lutlon 
itrmightens out the retinal and causes one end to come off the protein. The pocket in the 
protein then opens up, until finally the trans-retinal Is separated from the opsin {see Figure 
2.5). Most Of the Speculation about ho* this process triggers the electrical activity of the r™ 4 
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are concerned with the opening of this pocket (see Corniweet). One theory states that the 
opening of the pocket changes trie permeability of the membrane, permitting the flaw of 
'ions as Jong as the pocinet is Open. This cnukl cause a change in the membrane potential 

which might propagate re other parts of the cell. Another theory speculates that the pocket 

contains an active sire of the protein that generates a chemical transmitter, and that 



opening the pocket releases thLs chemical which au»i a depalariiation or hyperpolariiation 
of the membrane. 

■ 

The pigments of the eye abujrb light in onljr a small range of 
wavelengths, from about 400 to TOO nancmeiers frim), which is called the tUJiW* jp«f rum. 
Each of the pigments Jn the eye absorb different amounts of light at different wavelengths 
in this range, which is. inown as the Ipittrot ttntttttiiFf of the pigments. The spectral 
sensitivity eurv* for rhodopsin has been determined from hnrh psychophysical experiments 
and spearowrapk analysis of rhodnpsin which has been extracted from the eye (see Figure 
5.6). Beth of these methods produce a bell-shaped curve with a peak value near SCO nm On 
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flgurs i.fl. JpEctr*l JiiuUimty Cdrvi ^Sf hufliit 'hadepi'fl ( Tp(* Y*ld in<d Irowm} 
the 1 blue-green part of the spectrum), The psychophysical experiments ennsiit nf measuring 
the Spectral sensitivity of the eye in dim light This is why tht two criteria mentioned 



earlier for diitimiiJhmg; between rods and cones art equivalent. In other words, in dim light 
the eye is absorbing light In only one of Its pigments, rhodapsin, and there can be no color 
perception- The fovea, which hat no rods, IS therefore completely blind it night. 

There ire three cane pigments which have their peak absorptions in the 
regions of 4*6, SiO and 570 nm (see Figure 1ft There h a great dell of overlap in these 
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absorption curves, and at lw*t the latter twocnne pigments absorb Some light over the entire 
visible spectrum- Each cone in the retina of a normal percon contains one of these 
pigments. There are therefore three types of cones, which are often called the Wti*. gtttn 
irtd r*d cones. This, however, can he misleading. The STOnm cone, which IS called "red", is 
not limited in spectral absorption to the region we see as red (600-700 nm). and does not 
even have Its peak absorption in this area. This type of cone is In fact more sensitive to the 



part or the spectrum we perceive as pure green (510 nm) than to pure red (650 nm>, I will 

therefore use the notation recommended by DeValois (DevMois 1973): £. c™ (long 
wavelength cme}, M con* (medium), and S atu (short) io denote the cone types with peak 
absorptions at 570, 540 and H5 nm. respectively. This seemingly arbitrary decision is 
important because the cone* are not "color Weptor**. but -light receptors". Each cons 
absorb* light from the whole vi»bk jpectriim, arid therefore color perception must be ba*ed 
on cells that arialyi* the information from more than one cone type. 

There are about J2tr mill,™ rods and about ] million cones, but only about ] million 
ganglion cells (or fibres in the optic nerve), so some proving of the viuul information 
must be carried out by the retina. The interconnections betwem the cells in the retina are 
very complex, and the theories about the rolei that the different tell types play tn retinal 
proving are speculative m t«t. There are it a popular misconception that since there are 
10 many rodl, each ganglion cell must receive input from a Urge number of rod receptors, 
while each cone is connected to only one ganglion cell. Therefore the rods have "party lines" 
to the brain, while the cone* get >Lvate fines" ThU is simply not true. There U good 
evidence that each ganglion is connected to many rod*, but ibis is also true for cones, The 
activity of each ganglion ceil i* affected by the action* of a targe number of conei, and each 
cone influences many ganglion cellj. 

Because of the complexity of the primate retina, many of early electrical 
recordings of visual responses were from the horwshoe crab, Ltmulus (see Miller. Rat tiff 
and Hartlme). Although she compound eye of the Limulus is mrnzh simpler than the eyei of 
vertebrates, it still dearly shows che effete of neural interactlorr. The eye of the Limulus is 



mad B up of 1000 emmatidia CI.ccIb Eye*"), or f Metl . The output of thew receptor* f«d into 

ecomtrcc celFi whose axons form t hr optic nerve without intermediate cells, TherE are 
mutual interactions among the eccentric cells, and these mteraction* are alv^yi inhibitory. 
Thli m«ns that when light falls an neighboring ommatidi,, fh* output of each i, |* M than 
it would be if the sarr* amount of light fell on that ommattdia alone. The degree of 
inh.bition is proportional to the firing raw of the inhibiting neuron, and tends to decrease 
with the distance between the Eccentric cell*. This type of neural interaction, wh.ch is called 
lattrtxi Tttiprwtf inmttn seems quite simple and reasonable in terms of our understanding 
of the neuron and synapse, and yet ■( leads to lome seemingly complex eFfetLj If there is a 
sharp conrour in the visual field » that half of the receptors are strongly illuminated and 
half are dimly illuminated, the response will tend tounphuiH the border area. In the 
bright area of Eh* field, there will be some decrease in response due ro mutual Inhibition, 
but the cells near the border will bt less inhibited since Same of their neighbors are 
receiving leu light. This produces an increase Jn rapniK on th = fright ^ide of the border- 
Similarly, the cells on the dirt side of the border will have more inhibition than darfc cell* 
far from the contour, which produces a decrease in response on th*dark side of the edge. 
This phenomenon i, often deceptively called "ed 5 e enhancement", which imphes that the 
contrast acrc*s contours is increased. The difference het^en the maximum and minimum 
resfmns*. across the edge is actually about the same (see figure 2.$), The net effect of this 
phenomenon is that the information in the visual system is tramfered in terms of the 
changes across boundaries in the visual Field. 

In recent years, experimenters have been ab> to record the electrical 
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activity of the cells in verabiate retinas. The absorption of light produces a 
■Aj^er^o/arfnafLaji of the receptor Cell. The ChaJI£« In ffltfflbrane potential ire not impulses, 
but a graded change- which consists of an initial iTarHient that decays to a Steady level, 
There is a alio a small flfif transient when the light is removed, There are no Impulses in 
electrical potential OF the receptors, bipolar:, or haTJEontal cells, which may be dUr *0 their 
Close pfOXLmlty to each Other. The hyperpolariiaLion seen in the receptors is surprising Since 
the release 1 of chemical transmitter at mast synapse* It triggered by depolariiaticm- The 
resting' potential of the receptors is about M" mV, and the change ill potential il about 5 mV. 
The receptor response seems to follow the relation: 

V/Vmax - I / a * KJ 
where K Is about JsOO quanta/rod/sec for humans (SM e,g Maf r 19*^4>. This is consistent 
with the data that shows the receptors to be linear (in the log- domain) over a range of two 
log units («e Cornsweet pp. ^Ll-253). In other ivords. the output of the receptors- seemi to be 



approximately the logarithm oF the intimity within a certain rang?. The importance of this 
relation will be seen titer In the discussion of the incremental amount of brightness 
necessary to discriminate between two areas in the visual field. 

The dendrites of the horizontal cells synapse with about 7 to 12 come cells. 
The horiiontal cell axon synapses with a large number of rod cells. Each cone is connected 
bo about & different horizontal cells, and each rod synapses with exactly two different 
horizontal cells. The electrical response of The htwiitintal cell ji alio a graded 
hyperpolarliatlon. It is linear over 3 log units and saturates at a higher intensity when 
diffuse 1 rather than spot illumination is used, which may be caused by a weighted 
summation of many receptors (Man- 19ft). 

There are several types of bipolar cells. Each type of bipolar cell 
synapses with either rods or cones. Each rod synapses with about two bipolar*, and each 
rod bipolar is connected to between 14 and 4& rods. The receptive fields of bipolar cells are 
divided into two concentric antagonistic wnes. About half of the bipolars hypeTpolariie to 
central illumination, and half depolarize, Peripheral illumination can reduce the .response 
from the central region, but is not capable of producing a signal in the opposite direction. 
The magnitude of ihe response is constant over a wide range of absolute intensities for a 
fixed ratio of center to surround illumination, 

The amacrine and ganglion Celts are the first cells in th* visual path th.*[ 
produce nerve impulses instead of graded potentials. There are several kinds of amaenne 
cells* which differ in the siie of their receptive fields. These cells respond best to sudden 
changes in the level of illumination, and gjve little respense to gradual changes, 



The receptive fields of the ganglion cells are circular and divided into 
two concentric antagonistic reg tons (see Figure 2:9). The tenters of the fields range in size 





Fngurf J.) Cnntir f»rrgund r«sp"..iYe tuld (1 rfl ini : it i wi 
from Q.L tp ? degrees of visual angle, wifh [he surround being somewhat forger. The file of 
the receptive fields of ganglion cells are smallest trr the center of the fovea, and gradually 
Increase toward the periphery of :he rellna. The gang lion cells have been traditionally 
separated into two groups; mr ce^ttr cells that respond ro illumination tn the center of their 
field, and aff 'tenter cells that respond best to a dark region an a light background. More 
recent work has ihown that there are three distinct types of ganglion cells; the W-«H, #■«« 
and the Y-aU. Little II known about Che W-ctlls, except lhat they stem to he motion 
sensitive. The axons of the W -cells project to the superior colltculiii and therefore these 
cells are probably not an important factor in color perception. The response of ihe X-celli 
in bright light correspond to a linear summation of inputs from two concentric antagonistic 
fields (as described above}. They are relatively insensitive to flicker over a wide range of 
frequencies The Y -cells do not respond well to Stationary contrast, but are very sensitive to 
movement and f llcicer. The axons of :he X -cells and Y-cells project to the LCN, and their 
importance will be seen Uter in the discussion on the cells in the mual cortex. 

In bright light, the X-celli and Y-ceL1s exhibit censer-surround fields of 



both the on-center and off-center type. This effect, however, is not present in dim light 
This change can not be explained in term* of a "swjteh-OYer* from cones to rods>iince ic 
occurs at light tcvels when: the cones are active {Brindley p. flT) 

The spectral sensitivities of the gangpUon cells in a light-adapted eye are 
complex, and do not seem to fall into simple classes (hit correspond to the spectra* response 
curves Of the recepTOri. The spectral sensitivity can be altered by adaptat.on with 
monochromatic light, which Indicates that [he ganglion cells receive input from more than 
one type of cone cell. Most of the data on the color properties of the primate visual cells 
COrtws from the LGN tf monkeys, which Will be distUJJed in deuil in the nest section. Most 
of the evidence, however, indicates that the spectral serial vines of the pnmaie ganglion cells 
are Similar to those found tn i he LGN. 

TheLGTt 

The lateral geniculate nucleus (LGN) contains the fourth neuron in the 
visual pathway, and acts as a relay station between the retina and the visual cortex. During 
the last fifteen years, DeValois and his assacunes have made extensive recordings of the 
spectral responses Of the LGN cells, of the macaque manXey, which has a Visual system that 
is extremely Similar, if not identical, to that of man (DeValois JK5). DeValoii has Compared. 
the physiological properties of the macaque LGN cells to the psychophysical studies of 
human color pe:ccptLan. which has produced some very interesting results. 

The ceil* m the LGN f Ire spontaneously in the absence ut light. Flashes 



Of light of various wavelength* w ,n Wnq i t0 irttrBM or dBqrflHJ thfl w[e of ^.^ DeVaJo|s 
classified the LGN cells according to whether the eff«i i, eic.tatory, inhibitory, or both. 

Some *11i showed nation (or inhibition} to light of ill viuble wavelengths These «lb h 
which show uniform responses crj all frequencies, are rnTed ihe neti-oftwirtiir «tfj. Othcr 
cells, which are called spectrally opfintnt, show excitation to some wavelengths and 
inhibition to other*. This opponent nature of respond is maintained over a large range of 
illumination, and therefore these cells aw responsive to differences in color, not Illumination. 
About 30 percent of the „|1s studied Were of the non^opponent type. Of these, 
approximately half were excitatory and half inhibitory. 

There are four types of spectrally opponent cells, whkh are classified by 
the wavelengths, that produce maximum excitation and inhibition. One type of opponent 
cell show, peak excitation ^ ng h , of about 630 nm and n»*imufli inhibition to SOD nm 
light. Since 650 nm is normally perceived as red and 500 nm &rren p this cell is called (*R - 
G). About the same number of cells show the mirror response (maximum excitation at 500 
nm and maximum inhibition at 6M nm) and are called the {*G -R) rail*. The other two 
types of cells have maximum excitation and inhibition to light oF BOO nm (yellow} and iOO 
nm {blue), and are called the (*B -Y) and (*Y -B) cells few figure 2.10). 

There iia Urge amount of tnterest (and veiy little agreement} on the 
matter of which cone types provide input to the various LGN alb. Most of the evidence 
indicates that the RG cells f.R -G and -C -R) receive inputs fram the L (570 nm) and 5 <*10 
nm) COfles r which urrre dijcusind earlier, One of lh«e cone types is excitatory and the other 
inhibitory. For example, the (+R -C> cell receives excitatory input from the L cone and 
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inhibitory input from the M cane. The reipon*? oF the{+R -G) cell U thui dependent on 
the difference between the excitation from the L con* and the inhibition fram the M cone. 
This rnearii that the maximum excitation oi the (+R -G) utL it not at 5 TO nm r where the L 
cone producer maximal excitation, out at &fO nm where the difference" between the 
excitation of the L cone and the inhibition of the M cane ii the ^ reatest Similarly, the peak 
inhibition of the {*R -G) opponent cell ia not at the pwx ^alue of the M cone (&40 nm), but 



at 5£0 nm where the difference between the twa cones ii maximal. The effect of this 

opponent organization is to separate the paints of maximal response of the cell, compared to 
those of the leceptors- 

There is general agreement that the VB celli {*¥ -B and *B -¥) %w. input 
from the S cone. Thit leads to three different theories about the Inputs to this cell: the S 
and M cones, the 5 and L cones* and all three ldhes. There ii some evidence to support 
each of these theories, and it Li not clear at this time which is correct. It a not immediately 
obvious that Eh? non-opponent LCN celli must have multiple cone inputs, Evidence from 
the shape of the spectral sensitivity curve and chromatic adaptation experiments however, 
indicate that these crlls rrccivr input from hoth the L and H *ones (DeVatoit l&73>. 
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F1gvn 2,11 cmm inputi (a Hit LSN t*llj (fro" 3iV4l»bj 1971) 
When the eye it dark adapted, many of the cell! in the LGN, both 
opponent and rwn-OppGhrnt, have spectral sensitivity curves Similar » that of rhodopsi n, 
This indicates that the LGN cells related to me non-foveaJ part of the retina, receive inputs 
from both rods and cones. This finding Is consistent with the anatomical and physiological 
evidence about the retina, Mrhieh was discussed in an earlier section of this chapter, This 



™t™ interaction could read [D Achromatic- (four color) vWorii ahd lhfre ls |ndeed 
30 me e ,id«, CH thl « rh|S „ Wn> Jfl the peripn ,„ of the ^ T ,^ ae[ in ^ a . Qni ^^ n 

(he «d a „d « ne input, to a LCN «ll u „ m wbB undErj(ood at (hiJ tjm , ^ J( ^ ^.^ 

Awt the ganglion «11 tend* [a minimitt the ex[em [0 whi?h ^ and ^ fflB ^ ^ 

jimulraneously transmitted down l^am* channel (DeValoij igfc). 

The spa<iai organization of the receptive field* of the LGN cell* is a, 

MMrround flew ^to to thoar Fouild in the rptLnaS MHm ^ ThE non ^ pponent 

LGN «1h have either an .« toIwy «ii«r ,nd inh,b, tQT y around, cr an inhibitory center 
«id an eacit^ry around, with the center dominant in both case* when the whole neld is 
nimulaud. The r^pave field* of the exponent «lb fill into two a tegnri«. The majority 
of the «i b 07 percent} are of l>p, /, which have extit^ry irrput fr0m one CQn , tffi s „ ||w 
«ntnl region and hMMo, from another C0 „ F type in the MriBIIB( i t w viw Vrrsa , Most 
■T ih«* are KG cell, and a „ four pebble combination, of field crpmlatta are Found; 
red «atatory ««« and gr« n inhibitory surrnund, etc Only a few C ,fo we re found with 
blue Mwaymr^ r |low »„ OT r«Und none with Eh. reverse, or WliP surrt)Urd . 

In the other kind or Kceptm fi eM organiunon. r„* 2. the inputs from 

the oppose rene WJ havB lden , ical spatisl di5;rLburions This mEanj [ha[ ^ ever? po(n[ 

in the fieid. there is a bal.nce feet*eer, eh. «« fta tor> influence of one cone type and the 
inhibitory i„fi m „« fl f the other con, type It u not dear wither the cone, rhac project to 
* Tjrpe [ »|| Knjl n 7 i i( i„ diKrm are „ Qf [Jl( re[ma Bjf chrpmi[]Q|Ey adap([ng [he ^ , ( 

h« b«n tenanted that the cone trp < in the around is al» pre^ot ,„ tHe center, and ,* 
dually most » nM ] ve i, the central region of the field. On P «pta n4Hm qf {hii 
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phenomenon (.shown in. figure £.12) Is that both types of cones hav* their maximal 
sensitivity In the center, Tsui that the central type cone has a much higher peak. This mean 
thai the receptive fields at berth Type 1 and Type 2 receive inputs from tone* war the 
entire field, but in the Type 1 field one aF the tone types dominates the central region. 

The Striate Cortex 

Th# striate or visual carte* is the area, of the brain that receives matt of 

the visual mf ormaEion from the retina. It is composed of a targe thin plate of g ray matter 
which ii arranged in a large number of fold*. The plate Is made up of a number of 
distinct layers. Fibers from the opu* nerve project to areas of the cortex in a systematic 
topographical manner- The a sens from the LGN synapse with the cells of the fourth layer 
of the striate cortex. The cells- of the third and fifth layers send out fibers to other parts of 



the brain. Most of thf connection* between cortical ceEls are in a direction perpendicular to 
the iurfice, and lateral connEctLons are usually quite short EHubel). This means that the 
retinal projection of an oprlc nerve fiber mil affect only a sm&ll area of the cortex, and the 
cortical cells will normally have small retinal lecepiive fields. 

Hubel and Wjesel have mad* extensive recording of ceils, an the striate 
cortex of caii, They have classified these cells into three groups: itmpte, timpiiX, and 
Aypt-rcomptex {see Hubel). The Simple cells react heit to line stimuli (bright lines, dark lines, 
or boundaries) at particular orientations and pajjiioni in ihe visual field. For example, H 
particular simple cell may respond only to a dark line on a light background. It will Tail to 
respond if the orientation of the line or its position is, changed. The simple cells, are 
distinguished from the other types oF Mils by the fact (hat their receptive fields can be 
divided into distinct regions of excitation and inhibition whose input! are summed in a 
linear fashion (see figure 2.13). In other words, a bright Spot In Che excitatory region of the 
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receptive field will produce the lame reiponce as a similar spot in another par: of the same 
region. Two spots of light Jn the same region will produce twice the response, and if one 
spot is placed in each region, there will be almost no response. The complex cells alw 
respond to linn, bars and edges at particular orientations. LTnlike simple celli they are not 



as sensitive about the exact position of thfl line, and alio respond with sustained firing to 

moving lines. The hypercomplex cells ire similar Ed the complex ceils, but respond only if 

the line Ji terminated in their receptive fields. 

The cortical cells are functionally arranged in toJumnj perpendicular to 

the surface. There are nci visible separation* between column*, hut this term fo useful 

because all the cell! in a column respond tn lines at the same orientation (see figure 2.14). It 
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is speculated that the inputs to the simple cells come from LGN celts whose receptive fields 

are aligned. This combination might form the line detector mechanism of this cell (see 
Njjure '2,15). It ii further speculated that the complex cells of the cortex synapse with the 
simple cells in one column, whjch would explain their orientation sensitivity and 
independence of ekact visual position (HubclJ. Jt is also possible that the inputs, to the 
simple and complex, cefcls tome from the projections of the two different kind of ganglion 
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cell* chat connect to the LCK; X-cells projecting to the simple cortical cells, and Y-t*U* u> 

the complex ones, This would e*plam the difference in th* responw-cf these cells to 
moving stimuli. 

The original w«k in this ana wii done on cats* and was not concerned 
Mlh the spectral response characteristics of these will- More recent studies with monkeys 
hive found M!W cells of both the simple and complex type that ire color seniiti ve (ZeJd 
]973k Hubel and Wiesel found that only about a quirter of th* Simple cells and 10 percent 
of the complex ceHl they studied in the macaque monkey seem to be concerned with color 
(DeValois 197$). The best .stimuli for these cells were also lines, bars and burden but the 
regions in these fields muse be hive specific, cotors, Mapping the receptive fields of cortical 
cells li a long and difficult process which often takes hour* for each cell, Because of these 
technical problems, there his not yet been enough research done on the color properties of 
cortical cells to get i ckar understanding of their nature, and the functions thit color piiys 
In their processing. 



The Psychology of Color Vision 

This chapter win deal with (he behavioral studies of color vision and 
how (hey relate w the physiological data presented in ,he tasf chapter. These experiments 
use three general technique*, In SP me tests. [n , Jubjedt „ a - nuH MKtaT - f and rfSp[?riq|j 
when various stimuli look the same. Color matching experiment Tall into thi* calory. In 
Qtll*r tests, (he subject i* asked to respond to "just noticeable difference*" (JND's). 
Wavelength ducrimination experiment* are of this type. In the third type of test, the 
*ubj*ct Jj «k«l to describe nil (or her) perception! of Varjoui Stimuli This is how data on 
color naming js, obtained, 

Psychologists think of color in terms of Aug, latmcttan, and btightntts. 
Hue refers to the color name associated with a visual unutim. Saturation is a measure of 
the purity of a color, or its difference from white. Brightness refers to the perceived 
Intensity of an object and is often called ItgHnm. All three oF these fetors vary with 
changes in the wavelength of a Mmului. and changei ,n the ipatiai or^nuation of objects 
in the visual field. 



I will begin this, chapter with a discussion of trichromacy h Cotar blind 
and some of the different theories which attempt to explain th«e phenomena. The 
following section* will deal with the three fatter* (hue, Juration, and brightness) defined 
abo*e p and how they relate to some physiological data from monkey L&N cells. 



ram. 



Trichromacy and General Color Theories 

The first major psychgtogial experiment on cotor perception wa* 
performed three hundred years ago by Sir Isaac Nwiftn. He discovered that projecting 
white light through a prism produces a spectrum of colors, which may be [hen combined to 
form white light by using a second prism. He also noticed that a color can be produced by 
combining various other colors to|ether, anc that the™ are an infinite number of such 
combinations, or **i a m t T fl which produce the iame sensation. White light may b* produced 
by combining certain pairs oF wavelengths, called tompimmla^ ttforj, and there are an 
infinite number pf *uch pain. Nekton also discovered that *ny color could be matched by 
adding together three other colore which is kr,o*n as the tricolor, or trtctomatie theory of 
color vision. This theory was refined ana put in essentially it* present form by Young (1820) 
and Helmholti (1867). 

This means that if color perception t% deFined as 'wavelength 
discrimination" in the complete sense of the word, we are all color blind. The entente or 
meramers it actually quits useful, since without it we would not have cotor printing or color 
television sets. 

The retinas of some people contain only rods. and. (hey therefore have 
ofily one visual pigment, rhodopsin. The spectral sensitivity curve for rhodopim is roughly 
bell shaped with a peak around E00 nm Given two lighu of distent waveleng:bi, it will 
always be possible to adjust their intensities to produce ihe same sensation. This conclusion 
is based on the assumption that the wavelength of a phnton will determine the probability 



[hat it will be absorbed by a pigrnenc molecule, bur that once absorbed, it will produce the 
Same effect an the receptive cell ai Any OthflF phflton. People with this type of vision are 
called mentxhrdmats, and are completely color blind, This I* alio why peopk with normal, 
tolor vision can not discriminate colofi in dim tight 

if a person can match a light oF any wavelength to a combination of two 
acher li^hc sources, he bus titcfcm&tt: "liion, Most color blind people fall into Lhis category. 
The presence of two visual pigments U a necessary* but not sufficient condition for this type 
of vhion, The spectral absorption curves of the two pigments must overlap, or it wit) be 
possible CO Find two primary wavelength! of light that Will hot match an arbitrary third 
wavelength (see figure £.1). Also, if the s.pectral absorption curves of the two pigment! are 
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tl**t no G«nb1n»t1*fl Sf 4 Vid a mil prcdLze the j-ine rcipnmc u C. If « parson hid then 
pi^mcn'i, hi vaults bi 3.a\t Ta distinguish bfvM'n («o iQh*] 1T 4|(h cn<fl > t 'f"Jl#t td £n* Of 
.th4 (i , -a+ie >i t » Thnrs ifi, hcvivni^, ft* known ciit-i nf Ehix typa of vinin. 

multiples, of each other, the person will have monochromatic, not dichromatic vision. 
Assuming that theie conditions- are met, the determination of the intensities necessary to 



match two lights or wavelengths A and B to * third light of wavelength C, reduces so 
finding the solution to two equations in two unknowns (the intensities of the two lights). 
This solution may have* negative value. For example, jf (he intensity of light B it 
negative, this means thai adding that amount of light to C will produce a match with light 
A. 

A person with norm* I color vision is able lo discriminate the difference 
between two patches of light when one of them contains one wavelength and the other a 
mixture or two wavelengths, regardless of their Intensities (assuming the lights are bright 
enough to stimulate the cones). Given Tour light sources of various Wavelengths which can 
be mixed in two patches, a person with normal color vision will be able co adjust three of ■ 
the intensities to produce a perfect matth between the patches. This is called tTlttomatit 
vision. This is the basis of the trichromatic theory of color vision which states that there 
are three dif Fereni visual pigments and three "color channels" involved in the perception of 
Color, . 

The theory in Its simplest f OT m states that the color of an object is 
determined by comparing the outputs of these three channels. The advantages of the 
trichromatic theory are that It Is simple and agrees with CUr present understand Lng of the 
pigment* in the retina. It *lw provides a plausible esplananon or the matching experiments 
described above. The disadvantages of this theory aie that it fails to- explain color 
constancy, color Contract and several Other major perceptual phenomena invoked in color 
Vision. Color constancy refers to the fact that the colon we perceive remain roughly 
constant over a large variety of illuminations. In other words, the colors we see tend to 



<orres P ond to the surface properties of objects and not the light falling an them. Color 
contrast ref er* to changes in the perceived cqtor of in area which ate caused by the effects 
of iw surround. These .EFfccti will btdUcuMed in detail in the other sections of this 
chapter 

The other traditional chewy of color perception is called the tpptmmt- 
pTKtu theory, which was originally stated by Hcring in left. In this theory there are alio 

three types of receptors and three Channels. The difference between Lhe two theories, in 
their preset form, ties in the nature of the channels. In the opponent-process theory, the 
Channels convey information On thiee typ** of epponent activity: red-green, blue-yellow, and 
white-black {see Kurvlch and Jameson). This agrees with the eviderire from the LCN cells, 
and will be developed further in the next section. 

Both of the traditional theories assume that the color that is perceived at 
any point in the visual field is bused on the spectral properties of the light striking the 
retinal image of that point. Color constancy and contrast effects arc treated as anomalies. 
The colors we see correspond to the reflectance of the surface of an object, and yer there Ls 
no way for the eye to sehse this directly. The light incident on the eye is the product of the 
intensity of the light illuminating an abject and the reflectance of the surface of the object. 
These two components of image intensify differ m their spatial distributions. The Incident 
illumination will normally vary smoothly over an image, and the rertotance will change 
sharply at the boundaries berwecn objects and remain relatively constant between such 
edges-. This mean* that th* contrast acros* an edge in the visual field li proportional to the 
ratio of the reflectances of the object* ad jac«it to iheedge. 



Edwin Land hil proposed another theory of color perception, the rerfnor 
mftaH which is based on a proceii of removing the effects of variations in Eh* illumination 
component of the intensity (Land 1959). He proposes three sets of sensors and thru channel! 
(of retfnnti). The output of each set or «mors is processed independently to remove the 
component of Jnten-sitjr due to Illumination gradients- The result of this prowiiLng, which is 
called tightness, is conjectured to correspond closely to the reflectance of the objects in the 
visual field. The color of an area is fnund by comparing the output of the three channels, 
and i* therefore no longer dependent of the spectral piopertiei of light incident on the 
retina. There have been several methods proposed for the computation of lightness (Land 
1971, Horn i97&b) f but they are all bated on the assumption that the major discontinuities) in 
reflectance occur at the edges between objects in the vnual field. These methodi are 
designed to work on a special type of image, called a Mmdri&n (named after the Dutch 
painter Pleter Cornell J Mondrian), which has large areas oF uniform matte color and sharp 
boundaries between the areas. This COmputatjon Of tightness jetni plausibie, since {as we 
*aw in the laii chapter) the information in the later stages of the visual pathway seems to be 
in the form of effects across edfes r and not absolute values at each point in the visual field. 



Trigsj 



In this section I will discuss three types, of experimental phenomena that 
deal with the rerationshlp between hue and wavelength: color constancy, color contrast and 
hue shifts. Pet haps the most amaimg feature of the human visual system is its ability to 



deal with Urge uariatioM in il]umiMtioBi The hue of a„ objea rema.™ **«,*, OT(M1| 
wi!h Urge changes in the spatial an d ipeanlqwtate rf ctie | ight iMumiriiIting K whlch ,, 
known a* color ooniucy. Land developed a ve 7 simple experiment for tcitin; this 
phenomenon {Land and McCann) Ht illuminated a picture «di Of piece, P eaM 
pip«r with a set of chromatic light source,. The llghc rtflccted f rom mh pl€tt Df pip „ & 
jutt a combination of Itght at the wavelength* f the light »u Ke|l where the amount <rf 
light at each wavefength is determined by the p^nt, M [he surfaoe of Ehe pAp(r |n 
other wprds, if the anlv Ught source is >«j- right, the on], light reflected of f tr , e papC r will 
be M me amount of red HghL This mi.ni that by varying the intensities of the light 
sources, he wa, at ,| e to change the specfrat propmirs of the rattled light. The Observed 
hue of each of the pieces of piper remain, almost nnuant evm with large ctahpi in- the 
intensities of each of the hght purees. By us.hg a photometer and f, Iters, Land was able to 
measure ihe ™« of | ff ht at an, wavelength reflected off anv pirI qf (hs pktyre , T>1E 
filter, used In these .speftm.1* ha ve .he*™ spectral property a, the cone pigment* ,„ 
the human retina. He mealed the light reflected fron, a white piece of paper. and was 
the, able to change the intensities of the lig* bu™ M [hlt a p , Ke of papff rhlt ^ 
perceived as red had the same phtttMr reading! though the filters. The hue of the 
paper was ,tlll red, even though tt w ai reflecting the am* light that looked "white" earlier. 
This contradict* the simple form of the trichromatic color theory, which says that white light 
i» whit* light, and should never look red- 
Land then Kt up a red light at one side of the picture and a green light 
at the other side By using this side lighting, he was at>| e tD produce Urge int ffl4i[y 



gradient* of each type of light across the picture. There now was. a, red am (on the side of 
the picture near the green light) which produced [he sane photometer readings through the 
fitters as l green area («, the rrf side ). Tni4 a|so con(radlt[3 , he trkhrcm , tL<: Thcory sLnM 
these tWEi area* are producing the iam« leaf stimulus to the receptors in the eye and should 
therefore look the same. The opponent-process theory provides no help since is also a HU me* 
ih equivalence between color and fc*a! spectral properties The retina theory explains this 
phenomenon since it removes the effects of the intensity gndi«ui or the red and green 
light*. 

There are two types of color COntrait effects; simui tan t em and iUCCtitivs 
contrast Simultaneous contrast refers to changes in the hue of an area caused by the effects 
Of the region surrounding it. For example, a small gray spot on a red background will he 
perceived as green, The change in hue due to simultaneous contrast is in the direction of 
the color which is complementary to the hue of the surround. If the surrounding region is 
small in relation to the central area, the hue change may be in the direction of the color of 
the surround, which is known at imitllantms limtiludt. One of the Standard 
demonstrations of simultaneous contrast n rhe tatond shadm* experiment. Two projectors 
are limed at a white wall. A filter is placed in front of one, so that one projector emits 
white light and one red light If in object ii placed in front of the wall » that it casts two 
shadows, one shadow wilt be red and the other grttjt In the area of the wall corresponding 
to the green shadow the object ii blocking out the light from the red projector, thus this 
area of the white wall must be reflecting orviy the light from the white projector, White 
light reflecting off a whire wall should loo* white according to the traditional theories, but 



the eff«t of the surrounding red light makes it look green. 

Land modified -.his experiment by placing bfoek and white negatives in 
front of the two projectors. Jf the negatim are properly made and aligned, a whole gamut 
of cofdr* appears, which i* known a* the Laarf ,/fcf. Each am of the picture is reflect^ 
4 combination of red and white tight, » according to the traditional theories- the only hues 
seen thould he shades of red. The intensities of each projector may be varied over a large 
range without affecting the perceived hues. This efFect art be produced by varioui 
combinations of wavelengths. In fact. Land wis able to produce the whole range of hues 
Witt two monochromatic light sotircei that are normally considered yellowi tfg nm and 599 
nm (*e# Land 195ft). That means that the only wavelengths, of light reflected off th* objects 
were 5^9 and wa nm, but all the hue* appeared. Traditional color theorists have tried to 
explain this effect in termi of simultaneous color contrast and Color mJKin-g, ic red 
produces green from contrast, and red and green mix to form yellow, which can produce 
blue via contrast, etc. 

Successive contrast is what is normally known ascD |or afterimage*. ]f 
you stare at a red light for a minute or so and then rook at a white piece of paper, a green 
afterimage will appear. A familiar demonstration of this phenomenon i* the green, black 
and yellow picture which produce* an afterimage of the American flag. The traditional 
explanation of this effect is in terms of chromatic adaptation. In other words the red light 
changes the state of che red cone system, making it leu efficient in the roc* I area that 
receives the red light. When you look at th* *hite piece of paper, that area will appear 
green because rhe output from the green sys-.em will be stronger than the ted one, In term* 



of the trichromatic theory, it ii difficult to explain why the color seen a* always the 
complementary one. The opponent-process model ii perhapi better since it sayi that the 
adaptation will effect the opponent color channels, so that red change* to g rem and blue 
Change* to yellow. The color seen will oFten change bad to the original color after a while, 
which ii called fuemfufv iimttitud*, and it U possible to see several such recessive reverses 
The perceived hue of a monochromatic light will change with variations 
In Hi intBrKitr, which is known as the BttoM-Bnitk* phenomenon. Long wavelength light. 
for example, appear* red at low intenHUcs and appears, more yeltowiih as the Intensity or 
the light it Increased,. Lights of wavelengths greater than 577 nm or between +75 and 50S 
run appear to decrease in wavelength with increases in intensity; and those between bftg aTK j| 
577 nm or lesj than 175 nm appear to increase in wavelength (Blind ley p. US). In other 
word*, the hue of a monochromatic light will appear to go towards the hue of 475 or bib nm 
fight. These two wavelengths correspond to the crossover points between the inhibition and 
excitation of the RG and BY cells in the LGN (DeVafccis igfj). 

DeVakaii has made extensive comparisons between the electrical 
responses qf the LGN cells *nd psychologic^ rests on hue discrimination. A Subject is, 
shown a flaih of monochromatic light and asked to describe its hue with one dF four color 
namesr red. yellow, green or blue. DeValois measured the relative activity rata or the four 
LGN opponent cells to flashes of light at various wavelength?, and compared that data to 
the color names chEMen in the psychologtal experiment 0« rtgiliv&S). The Similarities in 
the response curves indicate that (he color name used for this tjrpeof jdmului is closely 
related to the relative response of the Opponent type cells in the LGN, 
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Saturation 



The moit saturated (or pureit) Jljr,ht of any given hue Is. monochromatic 
light. Comblnatloni of various wavelengths, at nrnMOchramatic tight will never produce a 
more saturated color than a mondchramatk (or spectral) hue. The saturation of a spectral 



color varies with the wavelength of the stimulus. Behavioral data nn saturation sensitivity 
Is basal cm matching experiment These tests show that king and short wavelength lights 
Hjiprar Lo be much mare saturated rhan light from trie niddk of vLiLbJe spectrum. Yellow 
light (around 5% nm) appears least saturated. DeValoLs has speculated that saturation is 
measured by comparing the outputs of trie Opponent and non-opponent LCN celk Adding 
white light to a stimulus will affect the non-opponent cells much more than the opponent 
cells. Figure 53 shows, a comparison between the behavior saturation curve and the ratio of 




Ftjura S.J A ccnpirHHI bf tha hunin fitU'iton function (n-Tid Hn») *nd Lht 
dirrir*^ct S*t-«n tti* app^ntnt 4ni rwr>-»ppDrtnt L&M ceH reman hi {rrcti 3oV*lini 1966) 



activity of the opponent and non-opponent cells. The date comtatinn at these curves 
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indicates that the non-opponent celli are signalling brightness inf ormitiDn and the opponent; 
celti, color information. 
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Brightness 



The third Factor Ln color perception, bn^htneii. also varlEi with the 

wavelength of the itlmulus. Flashes of long and short wavelength light do not appear ai 
blight 11 light from the yellow-green fart of the ipectaim. There hive been miny 



behavioral demamtntJoni of this phenonwrwn The relationship between wavelength and 
apparent brightness r a rr«h (of bright light} U known as the photap.c luminosity turns. 
DeVabis compared this curve to the spectral sensitivity cufv* rf tto nM^pponmt cell, in 
the LCN {see figure 5.1). 

The close f ic of these curves J* another indication that these non-opponent celfs signal 
brightness, not color. 

The stimuli in these espe riments were brier flashes of monochromatic 
light. The brightness of an Area of the Visual f kid depends not onlr en the wav^ktlgth 
and intensity erf the hght hitting the retina, but also to a large extent on the intensities of 
the regions around jt A dark background will make a region look lighter than the same 
region on a tight background. 
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